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Li4, R.T. Burns4, H. Xin4 and J.W. Earnest2
1Federal University of Viçosa, 2University of Kentucky, 3Oak Ridge National Lab, 4Iowa State University 
Abstract. This work aimed to compare two systems used for ammonia emission monitoring in broiler 
houses. The low cost PMU (Portable Monitoring Unit), and MAEMU (Mobile Air Emission Monitoring 
Unit) are systems used for ammonia concentration monitoring and, with broiler house ventilation rate, 
ammonia emission rate (ER) can be calculated. The accuracy of ammonia emission rate calculated with 
data from the PMU using a simplified calculation algorithm was quantified using the MAEMU as a 
standard. 
Four PMU monitors were randomly assigned to three locations in two different commercial broiler 
houses in which simultaneous MAEMU measurements were being conduced as part of a year-long ammonia 
emissions project. Hourly ER was estimated for each PMU by multiplying three average concentration 
recordings per hour by the mean ventilation rate recorded by the MAEMU system. The MAEMU system 
obtained more frequent ER measurements (six to thirty measurements per location per hour).  
Mean (±standard deviation) difference in hourly NH3 concentration for the entire experiment was 3.8 
(±2.4) ppmv, slightly more than the 3 ppmv uncertainty in the EC sensors according to specifications. Mean 
difference in hourly ER was 0.053 (±0.048) g NH3 h-1 for VR < 32,000 m3h-1, and 0.351 (±0.295) g NH3 h-1 
for VR > 45,000 m3h-1, with overall mean difference in hourly ER 0.133 (±0.062) g NH3 h-1. Results suggest 
the proposed (simplified) PMU method results in an over-prediction of ER, with greater bias for larger 
values of VR. The simplified calculation procedure is suitable for ER if appropriate adjustments are made 
as described. 
Keywords. Ammonia, ventilation rate, emission monitoring, measurement uncertainty. 
Introduction 
Gaseous emission from Concentrated Animal Feeding Operations (CAFOs) involves two factors: 
ventilation rate (VR) and concentration (C) of pollutants (Gates et al. 2002). VR is the amount of air emitted 
from the system to the atmosphere over a specified period of time. Pollutant concentration depends on the 
rate of pollutant production and VR. One challenge in measuring pollutant concentration in air samples is 
that accurate analytical instruments are expensive, and are complicated. These factors along with the fact 
that accurate gas measurement systems are not portable make ammonia measurement in broiler houses 
difficult (Gates, 2005).  
In a companion paper to this symposium (Burns et al., 2007), newly acquired broiler house emissions 
are presented on a daily, per flock and annual basis. Measurement over a one-year period allowed for 
recording of variations in emissions due to seasonal effects, animal growth cycles, and litter conditions. It 
also afforded an opportunity to directly compare ammonia emission measurements between this system and 
an earlier lower-cost method (Xin et al., 2002; Gates et al., 2005) utilized in a recently completed project for 
both broiler housing (Wheeler et al., 2006; Topper et al., 2007) and layer housing (Liang et al., 2005).  In 
those studies, ER was estimated per each sampling period (three times per hour for Kentucky sites, and two 
times per hour for Pennsylvania sites) which required extensive manual manipulation of stored data records. 
For this study, it was proposed to simplify the calculation of ER from PMU measurements by using a mean 
VR for each hour multiplied by the mean concentration from the PMU.  
The objective of this research was to compare ammonia ER obtained simultaneously with two different 
systems (Portable Monitoring Unit, PMU and Mobile Air Emissions Monitoring Unit, MAEMU). Each 
system has been, or is currently being used to measure broiler house emissions, and the MAEMU system is 
considered the standard for use in the EPA Air Consent Agreement. In this research, ventilation rate was 
 
obtained as part of the MAEMU measurement methodology and used in both sets of computations for 
ammonia ER. The ammonia ER calculated with the PMU was compared to the MAEMU as a standard. 
Materials and Methods 
Measurement Systems 
The PMU is a low cost ($4,500) portable ammonia measurement unit, developed by University of Kentucky, 
Iowa State University, and The Pennsylvania State University (Xin et al 2002, Gates et al 2005). It is easy to 
install and is a potential alternative to monitor ammonia emission in animal housing.  A photograph of the 
PMU, with key components labeled, is provided in Figure 1. The PMU uses two electrochemical (EC) 
sensors (Draeger PAC III, Draeger Safety INC. Pittsburgh, PA) for NH3 measurement. The MAEMU 
consists of a trailer containing equipment needed for monitoring a variety of emissions, including ammonia. 
The equipment used for ammonia measurement is an INNOVA Field Gas-Monitor (model 1412). Its 
measurement principle is based on the photoacoustic infra-red detection method and it is a high cost 
instrument ($50,000). Both measurement systems also require accurate knowledge of building VR 
simultaneous with the NH3 concentration of exhaust air. 
To quantify the uncertainty in emissions measurements it is necessary to analyze the error propagation 
from uncertainties in all related measurements including ventilation rate and ammonia concentration (Casey, 
2005; Casey et al., 2007). The effect of sampling interval on emissions estimates has been shown to be 
critical (Liang et al., 2006). Indeed, current methods for building emissions measurements in certain 
European countries utilize continuous measurement for only a few days, repeated according to a sampling 
strategy designed to optimally estimate annual emissions. It is expected that such a strategy, coupled with 
appropriately accurate ventilation and concentration measurements, would be preferable to long-term 
continuous real-time measurements.  
To compute ammonia emission rate from broiler facilities, background concentration was found to be 
negligible (Wheeler et al., 2006) and thus was omitted from the calculation: 
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where: 
     ER = mass-based emission rate for the house, kg h-1
     Q = exhaust ventilation rate at field temperature and barometric pressure, m3 h-1
     CNH3 = volumetric gas concentration of exhausted house ventilation air, ppmv 
     MWNH3 = molar weight of the gas, g mol-1 (17.031 for NH3) 
     MV = molar volume of gas at TSTP, PSTP, 0.022414 m3 mol-1
     TSTP =273.15 K, 
     TI = air temperature at exhaust fan, K  
      Pa = atmospheric pressure during recording interval, kPa 
      PSTP = 101.325 kPa  
 
For the national air emissions study, ammonia ER incorporates periodic background measurement: 
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Figure 1. Interior View of the Portable Monitoring Unit (PMU)  
 
Intrinsic to Equations (1-2) are decisions with regards to frequency of data collection for both 
concentration and ventilation. These decisions can significantly affect the reported emissions values (Liang 
et al., 2006). Consequently, while accuracy of two different means of concentration measurement will affect 
overall ER uncertainty, the additional and nonlinear effects of sampling interval and reporting intervals 
between two different systems will not necessarily be proportional to concentration measurement accuracy. 
For the PMU, a sampling period of 20-30 min is typically used, whereas the MAEMU system sampling 
frequency at a specific location depends on how many fans are operational, and varies from 2 min to 6 min, 
with linear interpolation between sequential samples at a given location used to provide a concentration 
estimate for each two-minute interval. 
 
Experimental Design 
The research was conducted in two similar broiler houses, and each broiler house had three sampling 
points (sidewall fan 1, SW1 in the brooding section; sidewall fan 3, SW3; and Tunnel, at the tunnel fan end; 
see Burns et al., 2007). Four PMUs were configured for this test. New electrochemical (EC) heads were 
purchased at the start of the experiment, and each EC-sensor was calibrated just prior to placement in the 
house using the same calibration gas (certified 2%, nominal 25 ppm) for the Innova, which was itself 
checked weekly and re-calibrated whenever measured concentration differed more than 5% from the 
calibration gas. Sampling points for the two systems were within a meter of each other. 
A visitation schedule was developed by random assignment of the four PMUs to three locations within 
each house (SW1, SW2 and Tunnel) and to each of the two houses (Table 1). Site visits were made once or 
twice weekly, from 29 June through 29 November, 2006. A PMU was typically placed in late morning and 
retrieved approximately 48h later. Each EC-sensor was then checked for drift by presenting the same 
calibration gas. In all cases the drift was less than 3 ppmv and the data were deemed acceptable.  
Table 1. Random assignment of the four PMUs to location for the study (year 2006) 
 House 1-5 House 3-3 
PMU No. SW1 SW3 Tunnel SW1 SW3 Tunnel 
1 1: 29 June 3: 7 July 7: 20 July 13: 3 Aug 11: 31 July 22: 24 Aug 
2 23: 29 Nov 2: 29 June 9: 31 July 16: 10 Aug 15: 7 Aug 4: 7 July 
3 5: 7 July 20: 2 Oct 8: 27 July 14: 7 Aug 17: 10 Aug 18: 13 Aug 
4 21: 2 Oct 24: 29 Nov 6: 19 July 10: 31 July 12: 3 Aug 19: 22 Aug 
 
 
 
The PMUs were configured to record data every 30s. Samples were taken from within the house for six 
minutes, followed by a fourteen minute purge with outside air. The average of the two EC sensors at each 
sample time was taken, and the maximum average concentration within the six minute sample period was 
then used to represent ammonia concentration for the twenty minute period. Three twenty-minute sampling 
periods per hour were combined to obtain a single average hourly ammonia concentration at that place in the 
house. Hourly emission rate (ER) was then computed from equation (1), using the hourly VR acquired from 
the MAEMU system archives. The MAEMU ammonia sampling scheme was dynamic in that samples were 
only drawn from those points in which active ventilation was occurring (see Burns et al., 2007); each 
sampling period was approximately 120s, so there could be as many as 30 measurements of ammonia in one 
point. VR was obtained from measured static pressure difference at each sampling point, using a previously 
derived fan curve for each fan. MAEMU system ER was computed according to equation (2) each time a 
sample was drawnl; these were combined on an hourly basis for each location in order to compare with the 
PMU system. Past use of the PMU system (Liang et al., 2005; Wheeler et al., 2006; Topper et al., 2007) 
differed significantly from the simplified procedure employed here, in that linear interpolation between 
consecutive concentration readings was used to obtain values to multiply with VR to obtain ER, and added 
to obtain hourly ER. In this simplified approach we effectively employ a rectangular integration.  
Two analyses of the results were performed. The first analysis (SigmaPlot, v10.0, 2007) investigated the 
distribution of differences in concentration and ER, using the MAEMU values as reference. The second 
analysis (SAS, r9.1, 2006) compared ammonia concentration and ER between the two systems, using the 
MAEMU value as the independent variable. Each hourly value at a sampling location (for a given visit) was 
treated as a repeated measure (i.e. hour within sampling location for each PMU), with hour and location 
treated as class variables. Estimates of intercept and slope for each response variable were obtained. These 
analyses were repeated for hourly and for longer periods (daily, and full visit).   
Results 
The experimental design ensured that each PMU was assigned to each of the six locations in two houses 
once, to minimize introduction of any bias from PMU unit by location, or PMU unit by house. After data 
quality checks, there were a total of 1,052 h (43.8 days) of data collected on 14 separate visits for which all 
ventilation and concentration data were available. The majority of data (770h) collected was for ventilation 
rate less than about 32,000 m3 h-1, with the remaining data collected at mean hourly ventilation rates above 
45,000 m3 h-1.  
Statistics for hourly values over the study are provided in Table 2. Mean (median) ventilation rate for the 
period was 53,655 (24,303) m3 h-1, with maximum of 255,815 m3 h-1. Mean (±standard deviation) hourly 
NH3 concentration from the PMU for the entire period was 15.8 (±8.3) ppmv compared with 12.0 (±7.4) 
ppmv for the MAEMU system. Mean (±standard deviation) differences in concentration for the entire 
experiment was 3.8 (±2.4) ppmv, slightly more than the 3 ppmv uncertainty in the EC sensors according to 
specifications. Mean hourly ER was 0.5 (±0.6) and 0.4 (±0.4) g NH3 h-1 for the PMU and MAEMU systems, 
respectively.  
Table 2. Descriptive statistics for the hourly values from each system (n=1,052 h) 
Concentration (ppmv) Emission (g NH3 h-1) Statistic Ventilation Rate 
(m3 h-1) PMU 
 
MAEMU PMU MAEMU 
 
Mean 53,631 15.8 12.0 0.5 0.4 
Median 24,312 13 10 0.2 0.2 
Std. Dev. 67,233 8.3 7.4 0.6 0.4 
min 1,031 0 1.2 0 0 
max 255,815 52.7 44.9 2.5 1.7 
 
A graph of hourly mean concentration (PMU versus MAEMU) is provided in Figure 2, along with 
regression of hourly values from the Proc Mixed procedure. There is a small overall positive bias (slope 
1.07) and a positive offset (2.9 ppmv). This latter offset is approximately the uncertainty in the EC sensors. 
To predict hourly concentration from PMU with the simplified computation scheme, an inversion of the 
regression is performed: 
 
   (3) )(105.0|,72.293.03 vNH ppmPMUCC
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Where the standard error (SE) of concentration given the PMU measurement (SEC|CPMU) is obtained from the 
SE of regression of CPMU on CMAEMU divided by slope (0.113/1.073 = 0.105 ppmv). For practical purposes, 
the slope could be assumed unity but the offset of 2.72 should be retained. 
A graph of hourly ER (PMU versus MAEMU) is provided in Figure 3, along with the resultant 
regression of hourly values from the Proc Mixed procedure. Here, the simplified computational method for 
hourly ER has added additional positive bias. To predict hourly ER from PMU with the simplified 
computation scheme, an inversion of the regression is performed. This yields: 
  (4) )13(002.0|,74.0
−=×= hNHg
PMUERER
SEPMUERER
where the standard error (SE) of ER given an estimate ERPMU (ER|ERPMU) is obtained from the standard 
error of the regression of ERPMU|ER/slope = 0.003/1.352=0.002 g NH3 h-1.  
To further investigate the source of bias in hourly ER using the simplified methodology, the distribution 
of differences in hourly ER between PMU and MAEMU instrumentation (Figure 4) was plotted. Figure 4 
indicates a small positive bias between the two systems, with a mean (±std dev) of 0.13 (±0.17) g NH3 h-1. 
ER differences during medium to high ventilation rates were found to account for a significant amount of 
the bias. Figure 4 also shows the frequency data for ER when VR was low (less than 32,000 m3h-1) 
compared to the rest of data points (VR > 45,000 m3h-1). The majority of larger magnitude of ER occurred at 
higher ventilation rates. Mean difference in hourly ER was 0.053 (±0.048) g NH3 h-1 for VR < 32,000 m3h-1, 
and 0.351 (±0.295) g NH3 h-1 for VR > 45,000 m3h-1, with overall mean difference in hourly ER 0.133 
(±0.062) g NH3 h-1. 
 
 
The effect of a longer sampling interval on ER was investigated by computing total ammonia emission 
ER over each 48-h visit. The resultant statistics are provided in Table 3. The mean difference in 48-h 
emission (ER) between PMU and MAEMU was 5.8 g NH3 (0.16 g NH3 h-1). Mean differences were greatest 
at the Tunnel location where VR was also greatest. The accumulation of bias over the period is a 
consequence of the simplified method for obtaining hourly ER, suggesting that the more sophisticated ER 
computation for each sampling period is preferable. 
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Figure 2. Comparison of two measurements systems for hourly NH3 concentration. 
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Figure 3. Comparison of two measurements systems for hourly ER. 
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Figure 4. Histogram of all difference in hourly ER (PMU – MAEMU systems) and effect of ventilation rate.  
Table 3. Descriptive statistics for cumulative 48-h emission (g NH3) from each system. 
SW1 SW3 Tunnel All Data Statistic 
    PMU MAEMU PMU MAEMU 
Mean 8.4 5.6 8.2 6.1 46.7 34.2 21.1 15.3 
Median 6.7 5.8 6.8 6.5 47.1 32.0 8.5 5.6 
Std. Dev. 6.9 5.9 5.0 6.6 24.9 33.5 23.5 17.3 
min 3.0 6.0 3.9 6.5 10.1 31.8 3.0 2.5 
max 24.6 6.4 20.0 6.8 73.1 29.6 73.1 52.6 
 
Discussion 
These results corroborate findings of Liang et al. (2006) in which measurement interval was found to be 
critical in obtaining valid emission estimates. A key difference to that study however, is that the method of 
computing hourly ER was to use the average of three hourly readings of concentration multiplied by the 
total hourly volume of air exhausted, whereas that study employed a more sophisticated “integration” of 
concentration x VR using linearly interpolation and high frequency VR measurement.  
Numerous factors might explain the differences noted. These include accuracy of instrumentation 
system, sampling frequency at each location, computational scheme to determine intermediate ER, and use 
of linear interpolation for concentration during fan activation between recordings. Clearly, the lower the 
sampling frequency the greater is the chance to miss fluctuations in concentration from intermittent fan 
operation as is typically encountered in broiler housing. Indeed, the greatest percentage difference in 48-h 
emission was for location SW1 which is used for brooding that is characterized by low VR and intermittent 
sidewall fan operation. The greatest magnitude difference in daily or 48-h emissions was the Tunnel location 
where large VR was used during tunnel ventilation operation. The simplified procedure used in conjunction 
with this study has the advantage of straightforward implementation, and might be suitable if the corrections 
provided in equations (3) and (4) were shown to be generally applicable. 
Sampling interval (2 to 6 minutes with linear interpolation for the MAEMU system, versus an average of 
three separate average concentration per hour without interpolation for the PMU system) and concentration 
measurement method (photoacoustic infrared for the MAEMU vs. electrochemical for the PMU) resulted in 
overestimating ammonia ER using the simplified PMU procedure for hourly ER. It is important to note that 
earlier studies utilizing PMU systems (Liang et al., 2005; Wheeler et al., 2006; Topper et al., 2007) used a 
more sophisticated computation of ER and these findings are not representative of those results.  Further 
analysis, including comparing to the original method for PMU ER calculation used in the earlier studies, is 
warranted. 
 
 Conclusion 
A side-by-side comparison of ER using PMUs and a simplified computational scheme versus the state-
of-the-art MAEMU system was performed. The experimental design was constructed to control variability 
in ER of ammonia between units, between houses and between locations within houses. Results of 24 
independent 48-h measurements, utilizing four different PMU systems and two different MAEMU systems, 
demonstrated a small positive bias between the two systems, with a mean (±std dev) of 0.13 (±0.17) g NH3 
h-1. Further investigation into the reasons this bias in PMU ER measurements is suggested. 
While the key advantage of this proposed newly simplified computational approach is that it being a 
relatively low-cost method that is straightforward to implement, care must be taken to accumulate ER for 
each sampling period (twenty or thirty minutes) including collection of ventilation rate for that period. 
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